Background: Recovery from Caesarean delivery in women and surgical nerve injury in animals after delivery is more rapid than expected, an effect reversed in animals by spinal injection of an oxytocin receptor antagonist. We hypothesised that endogenous modulation of acute pain is altered postpartum. Methods: Endogenous inhibition of acute pain in a conditioned pain modulation paradigm or endogenous sensitisation by topical capsaicin was tested in women who were breastfeeding 10e14 days after Caesarean delivery and age-matched controls (n¼80 total: 20 per group and 20 per test). The study was powered to detect a difference in area of hyperalgesia after capsaicin of 33%. Capsaicin-evoked pain was recorded in women, and capsaicin-evoked mechanical hypersensitivity was measured in rats 48 h after delivery and in age-matched female and male animals. Results: There was no effect of the postpartum period in the endogenous sensitisation assay in women, and the conditioned pain modulation assay failed to produce analgesia in either group. Postpartum women, however, reported less intense pain than controls at the end of topical capsaicin exposure (1.3 [1.4] vs 2.0 [2.0] on 0e10 verbal scale), and acute hypersensitivity after capsaicin was less in postpartum than control rats (withdrawal threshold 25 [15] vs 3.6 [1] g). Conclusions: These results agree with a recent report that oxytocin may desensitise the transient receptor potential for vanilloid-1 channel, although other explanations, including hormone effects, are possible. These results do not, however, support the inhibition of capsaicin-evoked spinal sensitisation in the postpartum period. Clinical trial registration: NCT01843517.
In two large prospective studies, we observed that persistent pain after Caesarean delivery is rarer than one would anticipate. 1 This reflects a more rapid recovery of pain in the initial postoperative weeks compared with other surgical procedures, 2,3 although this is not a universal finding. 4 In animals, surgery-induced mechanical hypersensitivity dissipates more quickly in the early postpartum period. 5 A better understanding of the mechanisms for this speedier recovery could lead to new treatments to speed recovery after surgery. Peripheral and central oxytocin release increases at the time of delivery and persists during lactation. 6 In animals, recovery from hypersensitivity after surgery in the postpartum period is temporarily reversed by intrathecally injected antagonists of oxytocin action, 7 suggesting a role for oxytocin in modulating pain neurotransmission directly through reduced sensitisation or enhanced inhibition. The primary goal of the current study was to determine whether endogenous pain sensitisation or inhibition was altered in postpartum women compared with an age-matched control group. A previous study found no difference in the measure of sensitisation (temporal summation) in women during the third trimester and in the postpartum period, but that study did not include a non-obstetric control group. 8 Endogenous pain inhibition can be induced by exposure to noxious conditioning stimuli in what is termed conditioned pain modulation (CPM), and this effect is increased by peripherally administered oxytocin. 9 The strength of preoperative CPM is inversely related to the risk of persistent pain after injury, 10 so oxytocin might speed recovery after surgery by increasing endogenous inhibition. A previous study showed no difference in CPM in women between the postpartum period and during pregnancy, but the method used failed to induce CPM at either time. 8 Oxytocin could also speed recovery from pain by reducing the nociceptor input from the periphery. Peripherally administered oxytocin reduces pain to acute noxious heat stimuli in some studies, 11 but not in others. 12 In mice, oxytocin diminishes the behavioural response to capsaicin and desensitises the transient receptor potential for vanilloid-1 (TRPV-1) ion channel. 13 The secondary goals of this study were to determine whether pain responses to heat or capsaicin are reduced in postpartum women, and capsaicin-evoked hypersensitivity is reduced in postpartum animals. Both acute and chronic stress can exacerbate chronic pain and enhance pain intensity ratings from experimental pain. 14 Caesarean delivery could increase stress because it is a major surgery and women are under social stress in the care of a newborn. For this reason, the final goal of the current study was to test whether perceived stress differed between postpartum women and age-matched controls, and was related to experience of nociception and strength of endogenous inhibition or sensitisation.
Methods

Animal studies
Studies were approved by the Institutional Animal Care and Use Committee at Wake Forest University (Winston-Salem, NC, USA). Twelve female and six male Sprague-Dawley rats were obtained from Harlan Industries (Indianapolis, IN, USA). Pregnant animals were obtained at 10e15 days gestation and singly housed until delivery, and then housed with their pups. Non-pregnant rats were pair housed with the same sex under a standard 12:12 h lightedark (light from 6 a.m. to 6 p.m.) cycle in a separate, specific pathogen-free facility, and provided with food and water ad libitum.
The rats were acclimated to paw withdrawal testing on three separate days before the study. These data were not used for analysis. The animals were placed in plastic chambers atop a mesh surface and were acclimated to the behavioural test room for 30 min. Calibrated von Frey filaments (Touch Test Sensory Probes; Stoelting, Wood Dale, IL, USA) were applied to the plantar hind paw until the filament bent. Paw withdrawal response was defined as a brisk withdrawal of the hind paw within 5 s of filament application at bending force. Paw withdrawal threshold was calculated using an upedown method, as described. 15 On the day of study, the rats were briefly anaesthetised with isoflurane (3.5 vol%), and capsaicin 100 mg in 50 ml saline was injected subcutaneously on the dorsal aspect of the right hind paw. Anaesthesia was provided because pain in humans from intraplantar capsaicin injection is intense for several minutes, and this pain is inescapable in the animal model. Paw withdrawal threshold was determined before and at 30, 60, and 120 min after capsaicin injection. The technician determining paw withdrawal threshold could not be effectively blinded to the study group, as each group had distinctive appearance that could not be hidden. Randomisation was not performed, as the purpose was to determine the differences between conditions (postpartum compared with virgin). Reporting of the animal study adheres to the Animal Research: Reporting of In Vivo Experiments guidelines.
Human studies
After the Institutional Review Board approval, adult women (ASA physical status 1, 2, or 3) in hospital after singleton vaginal delivery from uncomplicated pregnancy and who planned breastfeeding were recruited from a single centre (Maya Angelou Women's Health & Wellness Center, Novant Health Forsyth Medical Center, Winston-Salem, NC, USA). We excluded patients who did not understand English. The trial was registered before enrolment of the first subject (NCT01843517). The purpose of the study was explained, questions were answered, and all patients gave written informed consent. The subjects were allowed to choose whether to be tested for endogenous facilitation with topical capsaicin or endogenous analgesia in the cold water CPM paradigm. Choice was provided because one of these (capsaicin) required over 1 h more time in the research unit, and we wanted to provide flexibility to these new mothers who were breastfeeding. Subject characteristics, medical history, and relevant obstetric information were recorded. For each obstetric subject, a control woman (nulliparous or not breastfeeding and whose youngest child was 2 yr or older) was recruited through advertisements in the community, matching for age, height, race, and ethnicity. We excluded subjects with history of chronic pain or chronic analgesic use. In addition, we excluded subjects in the obstetric group who took pain medication within 4 h of the study visit, or who had an average pain of >3 on a 0e10 numeric rating scale in the 24 h period before the study visit.
Subjects reported to the Clinical Research Unit at Wake Forest Baptist Medical Center (Winston-Salem, NC, USA) for a single study visit. Postpartum women were studied 10e14 days after delivery. In these women, we recorded the average pain for the preceding 24 h on a 0e10 numeric rating scale, time since last pain medication, and time since last breastfeeding. All subjects completed the following surveys: Edinburgh Postnatal Depression Scale, 16 Perceived Stress Scale, 17 and the Insomnia Severity Index. 18 Figure 1 displays the flow of patients through the capsaicin and CPM arms; the testing which was common (noxious heat stimulus response); and, in the two arms, experimental procedures and outcome measures.
Pain testing
Acute noxious heat stimuli were delivered via a commercially available Food and Drug Administration-approved device (TSA-II; Medoc, Ramat Yishai, Israel). Thermal stimuli from 41 to 49 C were applied via a 16 Â 16 mm Peltier-controlled thermode strapped to the volar aspect of the forearm. The surface of the thermode was maintained at 35 C between stimuli. Every subject received the same two blocks of stimuli.
In the first block, the probe temperature was increased at a rate of 6 C s À1 to either 41, 43, 44, 45, 47, or 49 C, maintained at this temperature for 5 s, and then decreased to 35 C at 6 C s
À1
. Stimuli were separated by 30 s. Within 5 s after each stimulus, the subject was asked to report the intensity and then the unpleasantness of pain on a 0e10 verbal scale, with 0 representing no pain or unpleasantness at all and 10 representing the worst imaginable pain or unpleasantness. Stimuli were presented in the first block in ascending order to expose the subjects to the range of intensities and accustom them to rating pain. In the second block, the probe was moved to a different skin area (to avoid sensitisation), and each subject received these same six temperature stimuli, but in random order. Pain ratings from this second block of stimuli were used for analysis.
Capsaicin-evoked sensitisation
Central sensitisation was induced by a combination of topical heat and capsaicin, as described. 19 In brief, a 4 cm 2 Peltiercontrolled thermode was applied to the volar aspect of the forearm and maintained at 45 C for 5 min during which subjects rated pain intensity every minute. We then removed the thermode and applied capsaicin (0.075% cream; Bioglan Pharmaceuticals, Malvern, PA, USA) to the site of previous heating, covering the cream with an occlusive dressing for 30 min during which the subjects rated pain every 5 min. At 40 min after the removal of the capsaicin cream, the application site was heated to 40 C for 5 min (rekindling). Skin temperature on the volar forearm was maintained at 30 C with a heating lamp throughout the experiment. Areas of mechanical hyperalgesia to probing with a 225 mN von Frey filament and Subject flow, experimental procedures, and outcome measures. Postpartum women chose between capsaicin and conditioned pain modulation testing, and in each arm of the study, matched controls were recruited. As indicated, six postpartum women withdrew before the study. (a) Women in both arms of the study rated pain to thermal stimuli of various temperatures applied to the forearm, and data were combined within groups (postpartum or control) across both arms of the study. (b) In the capsaicin arm, heat was applied to the forearm for 5 min, capsaicin cream was then applied to this area under an occlusive dressing for 30 min, and 45 min later the area was reheated for 5 min. Areas of hypersensitivity, the primary outcome measures, were tested after the initial heating, after capsaicin application, and after the second heating. Verbal pain intensity scores (shown as red blocks on the timeline), the secondary outcome measures, were obtained every minute during the initial heating and every 5 min during capsaicin cream application. (c) In the conditioned pain modulation arm, pain rating to the test stimulus, a 5 s, 49 C heating, was obtained before and during the conditioned pain stimulus, placing the foot in cold water, and the strength of conditioned pain modulation determined as the difference between these pain ratings.
of mechanical allodynia to brushing with a cotton wisp were determined, as described, 20 at the end of the initial 5 min heating, just after the removal of the capsaicin cream, and at the end of the rekindling heating.
Conditioned pain modulation
CPM was induced, as described, 21 using a conditioning stimulus of placing a foot in a container of circulating water maintained at 10 C for 90 s. Pain intensity and unpleasantness scores to the test stimulus (5 s; 49 C stimulus on the volar forearm) were obtained~1 min before and 30 s after immersion of the foot in the cold water. The strength of CPM was determined as the change in pain intensity rating to the test stimulus during the conditioning stimulus compared with before the conditioning stimulus.
Primary outcomes
For rat studies, the primary outcome was paw withdrawal threshold; the study was powered before experimentation to observe a 40% difference between groups in withdrawal threshold over 30e120 min after capsaicin injection, a moderate effect size consistent with manipulations that alter this paradigm in mechanistic studies. 22 For human studies of the thermal pain stimulus response, the primary outcome was the area under the pain intensityestimulus temperature curve; the study was powered to detect a 12% difference in this area between postpartum and control groups, an effect size observed with pharmacological interventions of approved analgesics.
23
For capsaicin-evoked hypersensitivity, the primary outcome was the area of hyperalgesia; the study was powered to detect a 33% difference in this area between groups, an effect size observed with pharmacological interventions of approved analgesics. 24, 25 The primary outcome for the CPM study was the strength of CPM; the study was powered to detect a difference of 55% in CPM strength between groups. Secondary analyses examined correlations in each group between level of perceived stress and outcomes, and whether pain from sustained heat or topical capsaicin differed between groups in the capsaicin sensitisation paradigm.
Statistical analysis
Unless otherwise indicated, data are presented as mean (standard deviation) or median (first and third quartiles). Rat-paw withdrawal threshold data were normally distributed in the log domain, and log values are depicted and were used for analysis by two-way repeated measures analysis of variance (ANOVA). In the clinical study, the groups were compared for subject characteristics, questionnaires, area under the pain intensityestimulus temperature curve (calculating area >41 C), and strength of CPM using Student's t-test or ManneWhitney U-test, as appropriate. The groups were compared for areas of hyperalgesia and allodynia, and to pain intensity response to sustained heat and to capsaicin application over time by twoway repeated measures ANOVA with random effect for subject intercept. The relationships between perceived stress scale score or time since breastfeeding and pain outcomes were tested by Spearman's correlation. A P-value <0.05 was considered significant. Primary outcomes and analyses were defined a priori. Each secondary analysis was tested with a P<0.05 criterion for significance, and was considered by definition to be exploratory. Analyses were performed using Microsoft Excel 2016 (Microsoft Corporation, Redmond, WA, USA), or R version 3.2 (R Foundation for Statistical Computing, Vienna, Austria) and RStudio version 0.98.501 (RStudio, Inc., Boston, MA, USA).
Results
Animal studies
All animals were used in the analysis, and all pregnant rats delivered at term. Baseline withdrawal threshold did not differ between groups and capsaicin-evoked hypersensitivity in all animals. There was no sex difference in capsaicin effect in control male and female animals, but both groups differed from postpartum animals (Fig. 2) .
Human studies
From May 2013 through November 2017, 46 postpartum women and 40 matched controls were recruited. Six postpartum women who initially consented withdrew consent before the day of the study visit. Of the 40 control women, 22 were nulliparous. For the controls who were parous, the age of their youngest child was 4 (3) yr (range: 2e12 yr). Table 1 compares the subject characteristics and questionnaire score responses of the postpartum and control groups. One control subject and no postpartum subjects had an Edinburgh Postnatal Depression Scale score >13 indicative of likely depression. The Perceived Stress Scale scores were within the normative range (13.7 [6.6]) for American women aged 18e29 yr. 26 One postpartum and one control subject met the criteria for severe clinical insomnia, and one postpartum subject met the criteria for moderate clinical insomnia. There was a difference in race within the postpartum group in those choosing the capsaicin or the CPM study (Online Supplement 1), and the same race distribution was successfully obtained in the matched controls. Table 2 compares the postpartum groups for obstetric variables, noting no differences between 
Pain from acute noxious heat
Pain intensity and unpleasantness scores did not differ between the postpartum and control groups (Fig. 3) . Pain intensity and unpleasantness ratings were highly correlated (Pearson r¼0.93) and did not differ by group. The primary outcome, area under the pain intensity vs stimulus temperature curve, did not differ between the postpartum and control 
Capsaicin-evoked sensitisation
All subjects completed the study through reheating after capsaicin. Areas of hyperalgesia and allodynia from heat, capsaicin application, and reheating are shown in Figure 4 . 
Conditioned pain modulation
We did not demonstrate CPM in either postpartum or control group. Pain intensity rating from the 49 C test stimulus was numerically decreased during the cold water conditioning stimulus, although not significant in either group (8% in control group; 1% in postpartum group), and these pain ratings did not differ between groups ( Supplementary Fig. S1a ). As shown in Supplementary Figure S1b , there was a wide variability in change in pain intensity rating from the test stimulus during the conditioning stimulus. A slight majority of the subjects in each group showed a decrease in pain intensity during the conditioning stimulus, but this proportion did not differ between groups.
Relationship to perceived stress
Perceived stress was not different between groups (Table 1) , although there was considerable individual variability within each group. Neither group (Pearson correlation P¼0.61 for the postpartum group and P¼0.44 for the control group) nor the entire population (Pearson correlation P¼0.96) demonstrated a significant correlation between perceived stress and area under the pain intensity vs stimulus temperature curve. Similarly, neither group nor the entire population demonstrated a significant correlation between perceived stress and strength of CPM within individuals (Pearson correlation P¼0.71 for the postpartum group, P¼0.61 for the control group, and P¼0.50 for the entire population). Finally, neither group nor the entire population demonstrated a significant correlation between perceived stress and capsaicin-evoked hyperalgesia or allodynia (for hyperalgesia and allodynia Pearson correlation P¼0.40 and P¼0.38 for the postpartum group, P¼0.43 and P¼0.38 for the control group, and P¼0.41 and P¼0.19 for the entire population).
Discussion
We report that the postpartum period was associated with reduced behavioural responses to capsaicin in rats and humans, but not with differences in area of hypersensitivity in humans, or in pain intensity or unpleasantness to acute heat stimuli. There are no studies in rodents of capsaicin testing within the postpartum period. Intra-plantar injection of capsaicin in rodents produces a few minutes of guarding or licking behaviour followed by longer periods of mechanical hypersensitivity. 27, 28 In those studies, capsaicin was injected in awake, restrained animals, whereas for ethical reasons we provided anaesthesia, preventing us from observing There are no studies in postpartum women using capsaicin testing. Temporal summation, another measure of central sensitisation, did not differ in women during the third trimester of pregnancy compared with repeat testing in the postpartum period, although no non-obstetric control was included. 8 Contrary to our hypothesis, capsaicin-evoked sensitisation was not decreased in postpartum women compared with controls. Several interpretations of this lack of difference are possible. The hypothesis could simply be wrong. The initial degree of sensitisation from stimuli in the postpartum period may be unaffected, whereas the duration of sensitisation may be shortened, consistent with clinical observations that pain in the first few days after Caesarean delivery is similar to that after other major surgery, but subsequent recovery is more rapid after Caesarean delivery. 2 We powered our study to examine sensitisation, as increased area of hypersensitivity surrounding the surgical wound carries increased risk for persistent pain after surgery. 29, 30 This study was underpowered to test the observed 15e20% reduction in area of hypersensitivity in postpartum women compared with controls. We considered a 33% difference between groups as clinically meaningful in our power analysis, as systemic and intrathecal drugs, which produce acute analgesia in patients with chronic pain, reduce the area of hyperalgesia after capsaicin by this amount. We showed no difference between groups in pain ratings across a range of suprathreshold noxious heat stimuli, similar to a lack of difference in threshold to heat pain between women during their third trimester compared with postpartum. 8 The lack of reduction in acute nociception in the postpartum period is consistent with similar intensity of pain Areas of hypersensitivity in the topical capsaicin/heat paradigm. Areas of mechanical hyperalgesia to von Frey filament testing (circles) and mechanical allodynia to brushing with a cotton wisp (squares) in postpartum women (blue) or controls (pink). Values are mean (standard deviation), n¼20 per group. There was an effect of time, but not of group or a group*condition interaction. The data were analysed using categorical fixed effects and not linear or curvilinear contrasts, and the plot is for display only.
in the initial days after Caesarean delivery compared with other surgery. 2 The strength of CPM did not differ between the study groups in the current study, just as it did not differ in women tested at third trimester and postpartum. 8 In both studies, however, a CPM effect was not observed in either group or at either time, so neither study was able to test the hypothesis that CPM was altered in the postpartum period. We based our CPM paradigm on a previous report, 21 and replicated pain ratings to test stimuli before the conditioning stimulus. We note that the strength of CPM is highly variable and failure not uncommon. 34 In rodents, oxytocin binds to the TRPV-1 ion channel, minimally stimulates the channel, but effectively desensitises it to subsequent stimulation. 13 In addition, co-administration of oxytocin with intra-cutaneous capsaicin reduces acute pain behaviours in mice. We observed a two-fold reduction in hypersensitivity from capsaicin injection in rats in the postpartum period compared with controls, and less pain in postpartum women during topical capsaicin exposure compared with controls. The women did not rate heat pain less in the postpartum period. TRPV-1 is thought to mediate heat sensation, but this is not inconsistent with possible desensitisation of the TRPV-1 channel, as there are redundant channels that signal noxious heat. 35 We interpret the reduction in capsaicin-evoked pain in women in the postpartum period to reflect increased oxytocin exposure of peripheral nerves, although it is conceivable that the effect could reflect peripheral or central actions of other compounds of hormones, such as prolactin, that are increased in the postpartum period. Breastfeeding is associated with a doubling in circulating oxytocin in the first 20 min of suckling, 36 and a 36%
increased concentration in mothers who breastfeed compared with those who bottle-feed. 6 This study has several limitations. The CPM paradigm failed, so we cannot comment on endogenous inhibition produced by this mechanism. The analysis of pain during capsaicin application was prompted by research that appeared after completion of the study, 13 and should be considered exploratory. We did not measure blood oxytocin concentrations, so we cannot comment on the relationship between this measure and pain during capsaicin exposure. Finally, the study rests on the assumption that the same systems that alter the time course of recovery from a major surgical injury also modify the experience and modulation of acute experimental pain.
In conclusion, pain experience to acute phasic heat stimuli and experimentally induced hypersensitivity do not differ between new mothers who are breastfeeding their infants and age-matched controls. Capsaicin-evoked pain, however, is reduced in these mothers, consistent with a preclinical report suggesting that oxytocin desensitises the TRPV-1 ion channel. 13 These data generate new hypotheses regarding the mechanisms behind quicker recovery from postoperative pain in the obstetric setting. Pain intensity during sustained heat and with topical capsaicin. Pain intensity on a 0e10 numeric rating scale for every minute for 5 min during sustained heating of the skin on the forearm to 45 C (left panel), or every 5 min for 30 min thereafter when the heat was removed and topical capsaicin applied to the skin. Postpartum women in blue and control women in pink. The diameter of the circle directly reflects the number of subjects with that value. The lines and shaded areas represent linear regressions for each group in each condition with 95% confidence limits, n¼20 per group. Groups differ in pain report in response to capsaicin, but not to heat.
